Purkinje cells have specialized intrinsic ionic conductances that generate high-frequency action 43 potentials. Disruptions of their Ca or Ca-activated K (K Ca ) currents correlate with altered firing 44 patterns in vitro and impaired motor behavior in vivo. To examine the properties of somatic K Ca 45 currents, we recorded voltage-clamped K Ca currents in Purkinje cell bodies isolated from P17-46 P21 mouse cerebellum. Currents were evoked by endogenous Ca influx with approximately 47 physiological Ca buffering. Purkinje somata expressed voltage-activated, Cd-sensitive, K Ca 48 currents with iberiotoxin (IBTX)-sensitive (>100 nS) and IBTX-insensitive (>75 nS) 49 components. IBTX-sensitive currents activated and partially inactivated within milliseconds. 50
contained (mM) 150 NaCl, 3.5 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose (pH 7.4), 141 with 300 nM tetrodotoxin (TTX) and 5 mM 4-AP to block voltage-gated Na and K channels, 142 respectively. With these solutions, measured reversals were close to the predicted E K of -93 mV. 143 Divalent concentrations were selected to mimic physiological solutions as closely as possible 144 (Hansen 1985) . The net Ca and K Ca current was obtained as the current blocked by 300 µM 145 CdCl 2 ("Cd"); IBTX-sensitive current was that blocked by 200 nM IBTX; and TEA-sensitive 146 current was that blocked by 1 mM TEA. Subtraction of currents measured in constant IBTX with 147 and without Cd gave the IBTX-insensitive, Cd-sensitive (K Ca and Ca) currents. In initial 148 experiments, the onset of block by IBTX was monitored by recording currents evoked by 10-ms 149 step depolarizations to -20 mV applied at 5-second intervals. In four cells, maximal blockade 150 was observed in 15-30 seconds. In all recordings thereafter, cells were exposed to IBTX for at 151 least 30 seconds before recordings were made. 152
153
In experiments with 30 µM intracellular Ca, 30 µM CdCl 2 was included in the control 154 extracellular solution. This concentration of Cd ++ is sufficient to block most high-voltage-155 activated channels in Purkinje cells, regardless of the charge carrier. T-type currents are less 156 sensitive to Cd ++ , but block of T-type currents by Cd ++ is more potent with Ba ++ than Ca ++ 6 Therefore, the 1.5 mM Ca ++ was replaced with 1 mM Ba ++ and 0.5 mM Mg ++ , to keep divalent 159 cations constant. Records were obtained in this control solution without and with 160 pharmacological agents as noted, and currents of interest were isolated by subtraction. 161 162 Single-channel recordings were made at room temperature in inside-out patches pulled from 163 isolated Purkinje cells with pipettes of resistance 5-10 MΩ and coated with Sylgard. The 164 extracellular (pipette) solution contained (mM) 150 KCl, 10 HEPES, 2 MgCl 2 , 5 4-AP, 5 165 glucose, 0.03 CdCl 2 , as well as 100 nM TTX and 200 nM IBTX, buffered to pH 7.4 with NaOH 166 (<1 mM). Intracellular solutions were applied through flow pipes as above, and consisted of 133 167 KCH 3 SO 3 , 10 HEPES, 10 NaCl, 2 MgCl 2 , 1 HEDTA, 5.5 sucrose, 3.5 Tris Creatine PO 4 , 1 168
MgATP, 0.075 TrisGTP, buffered to a pH of 7.35 with KOH for a total K + concentration of 171 169 mM, and a predicted E K of -3.3 mV. Ca was added where indicated by calculating the total Ca 170 necessary to achieve the desired free Ca concentration (range, 1 µM to 210 µM) based on 171
MaxChelator (http://maxchelator.stanford.edu/). Single channel current amplitudes were 172 measured as the major unitary peak from all-points histograms made from data at all potentials at 173 which individual openings were evident (1-5 voltages in each condition) and scaled by driving 174 force. Single-channel conductance was estimated as the mean conductance measured at the 175 multiple voltages for each patch. 176 177 Action potentials were recorded from whole cells filled with standard intracellular solution (0.5 178 mM EGTA) and bathed in the voltage-clamp control extracellular solution, without TTX, with 179 other drugs as indicated. In 11 of the 18 cells in which spikes were recorded, input resistances 180 were estimated from the voltage change elicited by 25-50 pA hyperpolarizing current injections 181 that prevented firing and was 1.2 ± 0.1 GΩ, consistent with the high input resistances in isolated 182
Purkinje cells (Raman and Bean 1999) . Note that the input resistance during spiking is likely to 183 be lower, as other conductances are activated. 184 185 Chemicals were obtained from Sigma-Aldrich except the following: apamin (Sigma-Aldrich, Inc, 186
Peptides International, and EMD Chemicals), scyllatoxin and IBTX (Peptides International), 1-187 ethyl-2-benzimidazolinone (EBIO), UCL1684, 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole 188 (TRAM-34), bicuculline methiodide, and N-cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-7 methyl-4-pyrimidinamine (CyPPA) (Tocris Bioscience); TTX (Alomone Labs); and Fluo 5N 190 (Invitrogen). Stocks of IBTX, apamin, and scyllatoxin were prepared by dissolving the peptides 191 in water (100-300 μM), then aliquoting to volumes of 15-50 μL in 0.5 mL Eppendorf vials. 192
Stocks of EBIO, CyPPA, UCL 1684, and TRAM-34 were prepared by dissolving the drugs in 193 DMSO (10-20 mM), then aliquoting to volumes of 50-100 μL in 0.5 mL Eppendorf vials. Stocks 194 were stored at -20°C for less than 3 months before use. All experimental solutions were prepared 195 immediately before the experiment in 15 mL polypropylene centrifuge tubes by diluting stocks 196
(1:100 or greater) into warmed (30°C) solutions. In a subset of experiments, 1 mg/mL 197 cytochrome C was added to the solutions to minimize the possibility of drugs adhering to the 198 tubing (e.g. Khaliq et al. 2003) . No changes in drug efficacy were noted, and data ± cytochrome 199 C with the same drug have been pooled. 200 201 Analysis. Data were analyzed with IgorPro (Wavemetrics, Lake Oswego, OR) and are reported 202 as mean ± SEM. Conductance-voltage data were obtained by dividing current amplitudes by 203 driving force to obtain chord conductances, and fitting with a sigmoid equation of the form 204 G=G max /(1+exp(-(V-V 1/2 )/k)), where G is conductance, G max is the maximal conductance, V 1/2 is 205 the voltage at which the current reaches half its maximal amplitude, and k is the slope factor. 206
Statistical significance was assessed with Student's two-tailed paired t-tests, except as noted, 207
with an alpha level of 0.05. Capacitative transients have been blanked for clarity in figures 208
showing responses to trains of stimuli. 209 210
Results

211
Total Ca and K Ca current in Purkinje somata. To measure the properties of Ca and K Ca current 212 in cerebellar Purkinje somata, we made whole-cell voltage clamp recordings from acutely 213 dissociated neurons. Currents were first evoked in control solutions, which included 5 mM 4-AP 214 to block Ca-independent, voltage-gated K currents, by 20-ms step depolarizations in 5-mV 215 increments from a holding potential of -65 mV. Steps were then repeated in IBTX, which blocks 216 BK channels that lack β4 subunits (Meera et al. 2000; Behrens et al. 2000) , and finally in Cd 217 ( Figure 1A) . In control solutions, currents were first detectable near -40 mV, and the peak 218 current reached 13.1 ± 1.1 nA at 0 mV (n=11, Figure 1B) . Application of IBTX reduced the 219 current and altered the kinetics, so that the residual current rose more slowly (Figure 1A, 1B ).
8
Currents evoked in Cd verified that most of the voltage-gated K current was blocked by the 4-AP 221 in the extracellular solutions (Figure 1A, 1B) . Above 0 mV, the net outward current often 222 exceeded 20 nA, saturating the amplifier. The maximal Ca and K Ca conductances in the Purkinje 223 cell soma are expected to be even greater, because the P-type current, which is the primary 224 current that couples to K Ca currents in Purkinje cells (Womack et al. 2004) , is already partially 225 inactivated at -65 mV (Regan 1991) ; under the conditions we used, it was reduced from -2.8 ± 226 0.3 nA at -90 mV to -2.0 ± 0.2 nA at -60 mV (n=6, measured as Cd-sensitive current with Cs + 227 replacing intracellular K + ). 228
229
To test whether the total Cd-sensitive (K Ca +Ca) current in Purkinje neurons is stable or 230 modulated during spiking, we applied trains of brief (1-ms) depolarizing steps (from -60 to +20 231 mV) to approximate the voltages reached during action potential firing. Recordings were made in 232 control solutions and Cd, and subtractions gave the total Cd-sensitive current. As reported 233 previously, the net Ca and K Ca current was outward throughout the step at all membrane 234 potentials (Raman and Bean 1999) . During the 50-Hz train, the peak outward current evoked by 235 each step decreased over the first 5 steps to 65 ± 6% of the first response, and then remained 236 stable for the duration of the train, changing further by only -2±1% (n=8) (Figure 1C, 1D) . 237
Upon repolarization, outward tail currents were present, which decayed during the interstep 238 interval (quantified below). With a 100-Hz train, the peak step-evoked currents also decreased 239 over the first 5 steps (to 66 ± 7% of the first response at 100 Hz, p=0.4, paired vs. 50 Hz), but 240 tended to increase slightly by 7±4%, as the train progressed, (p=0.064, paired vs. 50 Hz, Figure  241 1D). 242
243
In previous studies, we found that identical train protocols elicit P-type Ca currents that flow 244 largely as tail currents upon repolarization. Tail current amplitudes remain constant for the first 245 5-10 pulses, before inactivating by only 5% at 50 Hz, or 10% at 100 Hz, and decay fully in the 246 interstep interval (Benton and Raman 2009 ). Thus, the changes in outward current are unlikely to 247 reflect changes in the underlying inward Ca current. Instead, it seems more likely that the total 248 Cd-sensitive current includes a rapidly activating component that inactivates with repeated brief 249 depolarizations as well as a component that deactivates slowly enough to summate over time 250 with high-frequency stimulation. 251 IBTX-sensitive BK current. To segregate the K Ca currents pharmacologically, we isolated 253 currents blocked by IBTX ("IBTX-sensitive current") by subtracting records obtained in control 254 and IBTX, as well as the residual K Ca current ("IBTX-insensitive current") by subtracting 255 records obtained in IBTX and Cd. The IBTX-sensitive current rose more rapidly and had an 256 inactivating component, whereas the IBTX-insensitive current, which contains both Ca current 257 and IBTX-resistant K Ca current, activated more slowly and was sustained throughout the 20-ms 258 step (Figure 2A , same cell as Figure 1A ; Figure 2B ). Since these two currents were kinetically 259 and pharmacologically distinct, we examined them sequentially. 260
261
The IBTX-sensitive current was first detectable near -40 mV, about 5 mV more depolarized than 262 potentials at which Ca current begins to activate under the same recording conditions (Benton 263 and Raman 2009). After the peak currents were converted to conductances, sigmoid fits to the 264 data estimated the maximal chord conductance at 111 ± 13 nS. The conductance was half-265 activated at -19.5 ± 0.9 mV, with a slope factor of 6.7 ± 0.2 mV. The total time to peak, from the 266 end of the capacitative artifact to the time of maximal current, was 17.9 ± 0.06 ms at -30 mV, 267 decreasing to 2.9 ± 0.02 ms at 0 mV (n=11). IBTX-sensitive currents also inactivated rapidly. At 268 -20 mV, currents decayed by 80 ± 5% with a τ decay of 7.3 ± 1.1 ms (n=9 of 11 cells; 2 cells did 269 not inactivate at this voltage), and at 0 mV, currents decayed by 83 ± 4% with a τ decay of 5.3 ± 0.6 270 ms (n=11; including one cell not examined at 0 mV that was measured at -5 mV). Upon 271 repolarization from -25 mV to -65 mV, currents deactivated with a single exponential time 272 constant of 2.5 ± 0.8 ms, n=11; Figure 2A tested whether raising the buffer concentration from 0.5 mM EGTA to 5 mM EGTA would accelerate the decay phase, recorded with a step to 0 mV at 32°C. Even this tenfold variation in 283 EGTA did not change the time course of inactivation (for 0.5 EGTA, 5 EGTA: rise time, 284 1.1±0.04, 1.1±0.04 ms; decay τ, 2.5±0.3, 3.0±0.3; extent of inactivation, 81±5%, 76±4%; p>0.25 285 all comparisons, n=6, 4), supporting the idea that channel properties rather than buffering 286 determined the inactivation rate. 287 288 During trains of depolarizations, IBTX-sensitive BK current generated several nA of current 289 within the 1-ms step, which decayed fully between steps applied at 50 Hz (Figure 2C, 2D) . Over 290 the first 5 steps, the peak BK currents decreased to 81.3 ± 5.0% at 50 Hz, and to 76.6 ± 6.1% at 291 100 Hz (n=7) after which further decline was negligible (Figure 2E) . Since the Ca current does 292 not change appreciably during these steps (Benton and Raman 2009), the decrease cannot be 293 attributed to a reduction in Ca influx, but instead suggests that Purkinje IBTX-sensitive current 294 undergoes inactivation over repeated, spike-like depolarizations. 295 296 IBTX-insensitive K Ca current. The IBTX-insensitive, Cd-sensitive current consisted of a 297 transient, inward current that was overcome by a slowly rising, non-inactivating outward current. 298
Replacement of Ca with Ba as the permeant divalent cation eliminated the outward flux, leaving 299 only an inward current (n=3). Both the Cd and Ba sensitivity confirm that the inward component 300 is carried by Ca channels and the outward component is a K Ca current. We examined the voltage-301 dependence of the IBTX-insensitive, Cd-sensitive current by stepping the voltage in 5-mV 302 increments to +60 mV. As shown in Figure 3A and 3B, outward current amplitudes increased 303 with progressively larger depolarizations up to +30 mV, reaching a maximum of 9.5 ± 0.7 nA 304 (n=8), after which current amplitudes decreased, as previously described for Ca-dependent 305 currents (Marty and Neher 1985; Neely and Lingle 1992). 306
307
To test whether this component of K Ca current was likely to be an IBTX-insensitive BK current 308 or an SK current, we took advantage of the fact that both BK and SK channels are Ca-dependent, 309 but only BK channels are voltage-dependent. We therefore conditioned channels with Ca by 310 replacing EGTA with 0.5 mM Fluo-5N with Ca added to set the intracellular free Ca 311 concentration near 30 µM. We reasoned that under these conditions voltage-independent SK 312 currents should be tonically activated, which would be detectable as the instantaneous current evident upon depolarization as the driving force on K changed. In contrast, a BK component 314 would be likely to include a voltage-dependent, non-instantaneous increase in current amplitude 315 upon depolarization (Cui et al. 1997 ). Cells were bathed in extracellular Cd to block voltage-316 gated Ca influx, and recordings were made first in IBTX-free ("control") and then repeated in 317 IBTX-containing ("in IBTX") solutions (32°C). In control solutions, currents evoked at 5-second 318 intervals by 20-ms voltage steps from -65 to +60 mV ran down over the first two minutes after 319 the whole-cell configuration had been established; in cells in which this run-down was measured 320 systematically, currents stabilized at 42±11% of their initial amplitude (n=4). Full IV curves 321 were recorded in Cd-containing control and IBTX solutions only after currents had stabilized. In 322 both conditions, step depolarizations evoked relatively little instantaneous current; in fact, the 323 instantaneous current was likely overestimated because capacitative transients were not 324 subtracted from the raw records. It therefore seems unlikely that non-inactivating, voltage-325 independent K Ca currents were present at high densities (Figure 3C, 3D) . Instead, in IBTX-free 326 solutions, currents activated within a few ms, and in IBTX-containing solutions, they continued 327 to rise throughout the 20-ms step. These data suggest that most of the IBTX-insensitive K Ca 328 current is likely to be voltage-sensitive rather than exclusively Ca-gated, consistent with its being 329 carried largely by BK rather than SK channels. 330
331
The IBTX-sensitive component, obtained by subtraction, displayed a slow but detectable 332 inactivation phase only at the most positive potentials. Hyperpolarizing the cell from the holding 333 potential of -65 mV to voltages between -125 and -85 mV for 50 ms did not increase the 334 amplitudes of currents evoked upon depolarization (n=3). The observations that the total K Ca 335 current ran down and that the IBTX-sensitive current is smaller and less strongly inactivating 336 when 30 μM Ca is continuously present is consistent with the idea that prolonged exposure to 337 high Ca facilitates inactivation of these channels ( To test pharmacologically whether the residual, IBTX-insensitive K Ca current is indeed carried 343 by BK channels, we examined its sensitivity to 1 mM TEA, which blocks most BK currents with minimal effects on SK currents (Lang and Ritchie 1990; Neely and Lingle 1992). Recordings 345 were made at 32°C with standard intracellular (0.5 mM EGTA) and extracellular solutions, and 346 cells were exposed sequentially to (a) IBTX, (b) IBTX+TEA, (c) IBTX+Cd, and (d) 347
IBTX+Cd+TEA, which permitted the isolation of either IBTX-insensitive (a-c) or IBTX-and 348 TEA-insensitive (b-d) K Ca +Ca currents. TEA reduced the IBTX-insensitive outward current by 349 66 ± 2% (n=9) from 6.1 ± 0.6 nA to 2.1 ± 0.3 nA at 0 mV (Figure 3E, 3F) , supporting the idea 350 that a large fraction of the current is carried by IBTX-insensitive BK channels. In addition, the 351 TEA-sensitive component of IBTX-insensitive current did not inactivate during the 20-ms step, 352 suggesting that they may arise from BK channels that include the β4 subunit that confers IBTX Patches were held at -70 mV. After a 100-ms step to -90 or -120 mV to reduce ongoing channel 363 activity, the potential was then stepped for 1 second to voltages ranging from -120 mV to +120 364 mV. In the presence of 30 µM or more Ca, step depolarizations evoked macroscopic currents that 365 reversed at -2.0 ± 0.7 mV (n=4), close to the predicted E K , and that had amplitudes of a few 366 hundred pA at potentials above +30 mV, indicative of multiple channels in each patch ( Figure  367 3G). At more negative potentials (< -75 mV), where the probability of channel opening was low, 368 individual high-conductance (150 ± 15 pS, n=4) single channel openings could be resolved 369 throughout the step (Figure 3H) . When the Ca-containing solution was replaced with solutions 370 with no added Ca, the macroscopic current shifted its voltage-dependence strongly positively and 371 the high-conductance events seen at negative potentials disappeared (Figure 3G, 3H) . In three 372 patches with sufficiently low noise, single channels reappeared with step depolarizations beyond 373 +30 mV. The mean conductance estimated from the channels carrying outward rather than 374 inward current was 185±13 pS, an increase in conductance that is close to that predicted by the 13 14% higher concentration of internal K + ions. These results provide direct evidence of high-376
conductance, IBTX-insensitive, voltage-dependent, non-inactivating K Ca channels in Purkinje 377 cell somata. 378 379 While the voltage-dependence, TEA-sensitivity, and single channel conductance provide 380 evidence that the IBTX-sensitive current is carried in part by BK channels, some portion of the 381 total current may nevertheless be carried by SK channels. We explored this possibility by 382 applying a series of SK channel blockers to Purkinje cells (Figure 4A) . Currents were activated 383 with steps to -20 mV, a potential at which Ca current amplitudes in this preparation are maximal 384 (Benton and Raman, 2009 of the current may be carried by SK channels. Curare, however, also blocks BK currents 407 (Rossokhin et al. 1996) , and the curare-sensitive current activated with a time course similar to 408 the TEA-sensitive component of IBTX-insensitive current, making it seem likely that curare 409 exerted at least some of its effect at BK channels. 410
411
Although the K Ca current evoked by 10-ms steps lacked the expected pharmacological profile of 412 SK channels, it is possible that classical SK current is indeed present in Purkinje somata, but 413 requires repeated or prolonged depolarizations to be activated. We therefore tested the apamin 414 sensitivity of currents evoked by 50-Hz, 1-sec trains of spike-like depolarizations, like those in 415 should be maximal (Figure 4B, right, arrow) , was 84.9 ± 17.2 pA in control and 73.5 ± 12.0 pA 418 in 200 nM apamin (n=4, p=0.13). Thus, the IBTX-insensitive current is resistant to several SK 419 channel antagonists, suggesting a low contribution of known SK channels to the total somatic 420 K Ca current. We cannot rule out the possibility, however, that some fraction of the somatic 421 current is carried by SK channels with an unusual pharmacology, or that alternative stimulation 422 protocols might be more effective at revealing SK currents. was largely IBTX-insensitive BK current, we tested whether it might be sufficiently sensitive to 436 these agonists to modulate action potential firing.
Indeed, application of 20 μM EBIO reliably and significantly enhanced the IBTX-insensitive, 439
Cd-sensitive K Ca current at voltages at which activation was sub-maximal (Figure 5A, 5B) . At 440 -25 mV the current increased by 45%, from 1.3 ± 0.1 nA to 1.9 ± 0.2 nA (n=6, p=0.002). In 3 441 cells, addition of 200 nM apamin after EBIO application did not reduce the current, indicating 442 that the EBIO did not act to unmask or augment SK current (control, 1.7 ± 0.2 nA; EBIO, 2.2 ± 443 0.2 nA; apamin, 2.2 ± 0.1 nA; control vs. EBIO, p = 0.008; EBIO vs. apamin, p = 0.5). EBIO 444 also induced a modest but reliable hyperpolarization of the half-maximal activation voltage of 445 the IBTX-insensitive K Ca conductance measured 1-2 ms after repolarization (from -21 ± 0.6 to 446 -25 ± 0.7 mV, p=0.002), with no change in slope factor or maximal chord conductance at 0 mV 447 (from k=4.2 ± 0.2 to 4.6 ± 0.1 mV, EBIO, p=0.25; from G max =72.4 ± 7.8 to 71.7 ± 7.6 nS, 448 p=0.091; Figure 5C ). In addition, EBIO slowed the decay time constant of the outward tail 449 current at -65 mV (from τ=9.6 ± 0.23 to 17.4 ± 0.36 ms, p=0.003). A similar prolongation of tail 450 current was induced by chlorzoxazone (from 10.9 ± 0.4 ms to 17.4 ± 0.6 ms in 60 μM drug, 451 p=0.029, n=3) and CyPPA (from 9.0 ± 0.5 ms to 18.2 ± 1.8 ms in 10 µM drug, p=0.012, n=4). 452
453
As shown in Figure 5D and expanded in Figure 5E and 5F, the total IBTX-insensitive current 454 evoked by 50-Hz trains of brief depolarizing steps was inward during the depolarizing step, 455 likely because the Ca current was activated but the K Ca current turned on only slowly. 456
Repolarization elicited a large, rapidly deactivating inward Ca tail current, followed by a small, 457 slower outward component. The outward current increased slightly though consistently over the 458 first four stimuli, but decayed by ~90% in the 20-ms interstep interval, so the current measured 1 459 ms before the onset of the next step did not accumulate greatly during the train. In the presence 460 of EBIO, however, the increased amplitude and slowed deactivation of the current led to 461 summation of outward current (Figure 5D, 5E, 5F) . As a consequence, by the end of the 50-Hz 462 train, outward K tail current exceeded the inward Ca current during each step, and the amplitude 463 of the peak outward current measured in the interstep interval had more than tripled (55±5 pA vs. 464 190±11 pA, n=6, p = 0.002, Figure 5G, left) . Again, addition of apamin had almost no effect on 465 the EBIO-enhanced tail current after 50 Hz trains (n=2; current amplitude in EBIO relative to 466 control, 402% and 614%, and in apamin relative to EBIO, 95% and 98%). With 100-Hz trains, 467 the current that accumulated in control conditions was increased, and the effect of EBIO was greater than for 50-Hz trains (Figure 5G, right) . Thus, while EBIO has a relatively modest effect 469 on peak currents evoked by a single long step depolarization, it is likely to enlarge the outward 470 currents in interspike intervals during repetitive firing. 471
472
To test whether EBIO altered the spontaneous activity of isolated Purkinje neurons, we recorded 473 5 seconds of spontaneous action potentials before and after application of 10 μM EBIO (Figure  474 6A, 6B). Within 1 second of application, EBIO decreased the firing rate and induced a small but 475 consistent increase in the depth of the maximal afterhyperpolarization (AHP). Across cells 476 (n=18), the mean firing frequency dropped from 30 ± 3 Hz to 20 ± 2 Hz (p=0.00035, Figure 6C , 477 left). The depth of the AHP increased only slightly, though significantly, from -71.1 ± 0.4 to 478 -72.4 ± 0.2 mV (p=0.0096, Figure 6C , middle). The magnitude of the AHP change was not 479 correlated with input resistance (R 2 =0.03). These results suggest either that this small difference 480 in AHP is sufficient to delay the next spike and thereby slow firing, or that EBIO may exert 481 additional effects on other currents that reduce the firing rate. Measuring the maximal rate of rise 482 and decay (dV/dt) of the action potential in the presence or absence of EBIO, however, 483 illustrated that neither the maximal slope of the upstroke nor the downstroke of the action 484 potential was changed by the drug (Figure 6C, right) . This result is consistent with the idea that 485 the effect of EBIO is largely restricted to increasing the interspike outward current, which in turn 486 delays the approach to threshold and reduces the firing rate. 487
488
Given that the accumulation of IBTX-insensitive current was more pronounced with higher 489 frequencies of stimulus trains, it seems likely that the greater the drive to fire, the more of a role 490 this current will play. We therefore recorded input-output relationships (f/I curves) in the 491 presence and absence of EBIO. Spike rate was modulated above and below the spontaneous rate 492 with 200-ms current injections of -20 to +140 pA (in 20-pA increments; Figure 7A, left) . Under 493 control conditions, progressively larger current injections increased the mean firing above the 494 spontaneous rate at 4.7 ± 0.9 Hz/10 pA (n=7). At all current injections, EBIO reduced the firing 495 rate relative to control (Figure 7A, right) . The effect was greater at larger current injections, 496 decreasing the slope of the f/I curve to 2.9 ± 0.4 Hz/10 pA in EBIO (p=0.03, n=7), such that at 497 the maximal current injection, the firing rate was only 66 ± 5 Hz, compared to 109 ± 9 Hz in 498 control (p=0.004, n=7), and the action potential amplitude decreased through the step. Consistent with the voltage-clamp experiments, these results suggest that the EBIO-sensitive somatic 500 current contributes most strongly to regulating the firing pattern in the face of external 501 depolarization, effectively limiting maximal firing rate of Purkinje cells. 502 503 Discussion 504
The present data demonstrate that Purkinje somata express at least two distinct BK 505 conductances: a rapidly activating and inactivating IBTX-sensitive current, and a slowly 506 activating, non-inactivating IBTX-insensitive current. SK current, as defined by voltage-507 independence and pharmacology, is not reliably present at high densities in Purkinje cell somata 508 in this age range. In response to trains of depolarizations that approximate the voltage deflection 509 and duration of action potentials, IBTX-sensitive BK channels generate several nanoamps of 510 outward current, but deactivate within a few milliseconds of repolarization. With repeated brief 511 depolarizations, this current inactivates by 20-30% within a few steps. In contrast, the IBTX-512 insensitive BK current, which activates more slowly, does not activate greatly during brief spike-513 like depolarizations. With repeated brief steps, however, the tail currents can sum; the more rapid 514 the train, the more the current accumulates in the interstep interval. Thus, the properties of 515
Purkinje cell IBTX-sensitive currents tailor them to participate in action potential repolarization 516 and the early AHP, whereas IBTX-insensitive currents likely regulate activity at higher firing 517 rates, curbing the acceleration of firing induced by depolarizing stimuli. gating property of the underlying channels, and if so, whether it is mediated by a similar 538 mechanism. Evidence in favor of the former idea is that inactivation rates increased with larger 539 depolarizations and with temperature, as expected for a true inactivation process. It was not 540 accelerated by a 10-fold increase in EGTA, suggesting that it was not dictated by Ca buffering. It 541 did not result from inactivating voltage-gated Ca currents, as T-type currents were inactivated 542 and the remaining Ca currents do not inactivate on this time scale (Benton and Raman 2009 ). In 543 response to brief steps, which evoke large, transient Ca tails rather than a sustained Ca influx 544 (Benton and Raman 2009 ), the IBTX-sensitive current also inactivated rapidly and incompletely, 545
indicating that the decay phase was not a function of the prolonged step. A rapid inactivation 546 phase was absent from the larger total K Ca current, indicating that it was not a clamp error. 547
Finally, inactivation was present only in the IBTX-sensitive and not the IBTX-insensitive 548 component, indicating that the phenomenon is specific to a defined fraction of K Ca current. 549
550
One difference between the present study and much previous work is that the Ca source was 551 influx through native voltage-gated Ca channels, generating a variable concentration at the 552 channels, unlike exposure to a constant concentration of Ca by direct application or pre-loading presumably lack β2, β3, and β4 subunits. 588 589
Properties of IBTX-insensitive currents. The IBTX-insensitive currents of Purkinje somata 590
differ from IBTX-sensitive currents, in that they activate more slowly upon depolarization and 591 fail to inactivate. About two-thirds of the IBTX-insensitive current is blocked by 1 mM TEA, and 20% is blocked by curare, but the current is not significantly reduced by apamin, scyllatoxin, 593 UCL1684, bicuculline methiodide, or TRAM-34. With constant, high intracellular Ca, large 594 standing outward currents are absent, but depolarizing steps elicit voltage-gated currents, and in 595 the presence of IBTX, single channel openings with conductances on the order of 150 pS are 596 evident, and increase with depolarization and Ca. Together these data suggest that while the SK 597 current density is relatively low, Purkinje somata also express non-inactivating BK channels. 598
These channels are likely to include the β4 subunit, which slows the activation rate and generates 599 results that have led to the conclusion that the increasing SK currents is the primary mechanism 647 by which these compounds exert their therapeutic effect. The present data, however, suggest that 648 a complementary action of these ataxia-relieving drugs may be to enhance BK currents, which in 649 turn influence Purkinje cell output. evoked by 20-ms steps from -65 mV in 5-mV increments. Scale applies to both sets of traces. 874
Insets, tail currents for each set of traces on expanded time base; same scale and voltage steps for 875 both insets. B: Current-voltage relation for peak IBTX-sensitive and IBTX-insensitive currents 876 (n=11). Note that because the peaks occur at different times, the sum of the two curves is greater 877 than the peak raw currents in Figure 1B were taken. Note that the difference current is tiny and inward during the step, likely from a 912 small rundown of Ca current. Right, peak post-train current in 4 cells, before and after apamin. 
